The groundstates and low-lying states of W IX (W 8+
Introduction
Tungsten has been chosen as a plasma facing material in modern large tokamaks, including JET and ITER [1, 2] . Therefore, spectroscopic studies of tungsten ions can constitute a unique tool for diagnostics relevant for a wide range of electron temperatures, from 0.1 keV at the edge up to 30 keV in the core of the tokamak plasma [3] . The tungsten spectra originating from different plasma regions with various electron temperatures consist of radiation emitted by many specific ion charges. The atomic data of low-charged tungsten ions are of growing interest in the tokamak plasma diagnostics [4] . Visible transitions in high-Z ions, e.g. low-charged tungsten ions, are suggested as potential candidates for a precise atomic clock that can be used to laboratory search for time variation in the fine-structure constant [5, 6] . However, there is a lack of spectroscopic data for some tungsten ionization stages, from W VIII to W XXVII, as pointed out by Kramida and Shirai [7] and by Ralchenko [8] . Moreover, tungsten ions from W VIII (W 7+ ) to W XIII (W 12+ ) are interested because in these cases the most outer orbitals 4f and 5p are close each other and and Kaufman [9] . Last years a few works were focused on W VIII from both experimental and theoretical side. Berengut et al. [5] calculated the energies for four levels belonging to configurations 4 f 14 5 s 2 5 p 5 and 4 f 13 5 s 2 5 p 6 and confirmed the level sequence reported by Kramida and Shirai [7] . Then Ryabtsev et al. [10] observed spectrum of seven times ionized tungsten and reported the appropriate level energies. Next, Mita et al. [11] measured the fine-structure splitting of the ground term 4 f 13 5 p 6 2 F 5/2,7/2 in W VIII. The fine-structure splitting was also measured by Lu et al. [12] and compared to the Multi-configuration Dirac-HartreeFock (MCDHF) calculation with configuration interaction (CI) with good agreement. Nonetheless, there is still no data available (except identifying the groundstates) for W IX to W XIII in the Atomic Spectra Database of the National Institute of Standards and Technology [13] .
In the present work, the MCDHF-CI calculations have been used to predict the energy levels for groundstates and low-lying states of W IX (W 8+ ), W X (W 9+ ), and W XI (W 10+ ) tungsten ions. The total number of 1094 states related to 4 f 10. . . 14 5 s 2 5 p and 4 f 11. . . 14 5 s 1 5 p 3. . . 6 valence configurations have been considered. According to my knowledge, the present compilation presents the first extended data set for levels of W X and W XI ions, and importantly extend data set for W IX ion.
Method of calculation
The calculations of the radiative transition energies and rates have been carried out by means of the GRASP2018 [14] code, based on the MCDHF method. The methodology of MCDHF calculations performed in the present study is similar to that published earlier in many papers (see, e.g., [15] [16] [17] ). The effective Hamiltonian for an N-electron system is expressed by
where h D (i) is the Dirac operator for the ith electron and the terms C i j account for the electron-electron interactions. In general, the latter is a sum of the Coulomb interaction operator and the transverse Breit operator. An atomic state function (ASF) with total angular momentum J and parity p is assumed in the form 
where the ψ i is the one-electron wavefunction defined as
where Ω m j κ, j (θ , φ ) is a angular 2-component spinor and P n,κ (r) and Q n,κ (r) are large and small radial part of the wavefunction, respectively.
In present calculations, the initial and final states of the considered transitions have been optimized separately and a biorthonormal transformation has been used for performing the transition rate calculations [18] . Following this, the so-called relaxation effect is taken into account. In the GRASP2018 code, the Breit interaction contribution to the energy is added perturbatively, after the radial part of wavefunction has been optimized. In the present work the Breit term is calculated in low-frequency limit. Also two types of quantum electrodynamics (QED) corrections: the self-energy (as the screened hydrogenic approximation [19] of the data of Mohr and co-workers [20] ) and the vacuum polarization (as the potential of Fullerton and Rinker [21] ) have been included.
Because for considered ions the orbitals 4f and 5p are close each other, the radial part of wavefunction for these orbitals should be calculated with care. To ensure this, the Extended Optimal Level (EOL) scheme [15] has been used: the radial wavefunctions have been optimized separately for each ASF subsets related to valence configuration with given number of 4f electrons. The start point of self-consistent function (SCF) calculations was calculated earlier radial wavefunction for closed-shell W 14+ ion with
[Kr] 4 d 10 4 f 14 electronic configuration. After the radial wavefunctions had been calculated within SCF process, the configuration interaction calculations between ASFs related to valence configurations with different number of 4f electrons have been carried out, to take into account the correlation effect related to near-degeneracy [22] .
Results
Table A collects valence electronic configurations used in calculations of energy levels for W IX, W X, and W XI tungsten ions. Tables 1, 2 , and 3 collect atomic levels of W IX, W X, and W XI, respectively. 
W IX
For W IX ion Kramida and Shirai [7] suggested that the groundstate is 4 f 14 and the first excited state is related to the terms 4 f 13 5 s 2 5 p 5 3 F 4 . The relative energy of first excited state is predicted to be 10455 cm -1 above the groundstate. This value is in the middle of numbers provided by Kramida and Shirai [7] and by Berengut et al. [5] . From present calculations the second excited state is described mainly by 4 f 13 5 s 2 5 p 5 1 F 3 term and it is located 11467 cm -1 above the groundstate.
W X
For W X ion Kramida and Shirai [7] reported that the groundstate belongs to 4 f 14 5 s 2 5 p 3 configuration while the lowest excited level belongs to 4 f 13 5 s 2 5 p 4 configuration and is located about 31000 cm -1 above the groundstate. They stated that the ground level has 39% of the 2 P 3/2 character and 34% of 4 S 3/2 . In present calculations the groundstate is described in similar manner, having 38% of the 2 P 3/2 term and 38% of 4 S 3/2 term. The first excited state is located 23147 cm -1 above the groundstate and it is described mostly by 4 f 13 5 s 2 5 p 4 2 D 3/2 term (34%) with significant contributions from CSFs related to 4 f 14 5 s 2 5 p 3 configuration.
W XI
For W XI ion Kramida and Shirai [7] reported that the groundstate is 4 f 14 Table 3 Atomic levels of W XI. 
No. J P LS-composition
E (cm -1 ) 1 0 + 0.77 4 f 14 ( 1 1 S) 5s 2 5p 2 ( 3 2 P) 3 P + 0.22 4 f 14 ( 1 1 S) 5s 2 5p 2 ( 1 0 S) 1 S 0 2 5 + 0.40 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 1 P) 3 G + 0.36 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 4 3 S) 5 F + 0.10 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 3 D) 3 H 48969 3 2 + 0.25 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 1 P) 3 D + 0.16 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 4 3 S) 3 F + 0.15 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 1 P) 1 D 51714 5 4 + 0.33 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 4 3 S) 5 F + 0.29 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 1 P) 3 F + 0.12 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 4 3 S) 3 F 61459 6 1 + 0.40 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 1 P) 3 D + 0.34 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 4 3 S) 5 F + 0.14 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 3 D) 3 D 63625 7 4 + 0.23 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 1 P) 3 G + 0.20 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 4 3 S) 3 F + 0.20 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 3 D) 3 H 73181 8 2 + 0.26 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 4 3 S) 5 F + 0.25 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 1 P) 3 F + 0.17 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 3 D) 3 F 78062 9 1 + 0.41 4 f 14 ( 1 1 S) 5s 2 5p 2 ( 3 2 P) 3 P + 0.23 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 1 P) 3 D + 0.18 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 4 3 S) 5 F 79193 10 3 + 0.27 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 4 3 S) 5 F + 0.16 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 1 P) 3 F + 0.16 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 4 3 S) 3 F 80786 11 2 + 0.45 4 f 14 ( 1 1 S) 5s 2 5p 2 ( 1 2 D) 1 D + 0.36 4 f 14 ( 1 1 S) 5s 2 5p 2 ( 3 2 P) 3 P + 0.08 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 4 3 S) 3 F 99581 12 8 + 0.79 4 f 12 ( 3 1 H) 5s 2 5p 4 ( 3 2 P) 5 I + 0.19 4 f 12 ( 3 1 H) 5s 2 5p 4 ( 1 2 D) 3 K 135133 13 5 + 0.49 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 4 3 S) 5 F + 0.19 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 3 D) 3 G + 0.15 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 3 D) 3 H 135137 14 4 + 0.25 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 3 D) 3 G + 0.20 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 4 3 S) 5 F + 0.19 4 f 13 ( 2 1 F)3 2 P) 3 G + 0.13 4 f 12 ( 3 1 H) 5s 2 5p 4 ( 1 2 D) 3 G + 0.12 4 f 12 ( 3 1 H) 5s 2 5p 4 ( 3 2 P) 5 G 143827 20 3 + 0.28 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 3 D) 3 D + 0.22 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 4 3 S) 5 F + 0.16 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 4 3 S) 3 F 144173 21 6 + 0.51 4 f 12 ( 3 1 F) 5s 2 5p 4 ( 3 2 P) 5 G + 0.18 4 f 12 ( 3 1 F) 5s 2 5p 4 ( 1 2 D) 3 H + 0.16 4 f 12 ( 1 1 G) 5s 2 5p 4 ( 3 2 P) 3 H 145214 22 4 + 0.44 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 3 D) 3 F + 0.13 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 3 D) 1 G + 0.08 4 f 12 ( 3 1 H) 5s 2 5p 4 ( 3 2 P) 3 G 148347 23 4 + 0.19 4 f 12 ( 3 1 F) 5s 2 5p 4 ( 3 2 P) 3 F + 0.11 4 f 12 ( 3 1 F) 5s 2 5p 4 ( 1 2 D) 3 F + 0.09 4 f 12 ( 1 1 G) 5s 2 5p 4 ( 3 2 P) 3 G 148509 24 5 + 0.40 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 3 D) 3 G + 0.22 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 3 D) 1 H + 0.10 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 3 D) 3 H 150743 25 3 + 0.18 4 f 12 ( 1 1 G) 5s 2 5p 4 ( 3 2 P) 3 F + 0.12 4 f 12 ( 3 1 F) 5s 2 5p 4 ( 3 2 P) 3 D + 0.09 4 f 12 ( 1 1 G) 5s 2 5p 4 ( 3 2 P) 3 G 150787 26 6 + 0.58 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 3 D) 3 H + 0.13 4 f 12 ( 3 1 H) 5s 2 5p 4 ( 1 2 D) 3 H + 0.08 4 f 12 ( 3 1 H) 5s 2 5p 4 ( 3 2 P) 5 G 150974 27 5 + 0.20 4 f 12 ( 3 1 H) 5s 2 5p 4 ( 3 2 P) 5 G + 0.14 4 f 12 ( 3 1 H) 5s 2 5p 4 ( 3 2 P) 5 H + 0.12 4 f 12 ( 3 1 F)3 2 P) 5 G + 0.10 4 f 12 ( 3 1 F) 5s 2 5p 4 ( 3 2 P) 3 D + 0.10 4 f 12 ( 3 1 F) 5s 2 5p 4 ( 3 2 P) 1 D 163608 44 1 + 0.30 4 f 12 ( 3 1 F) 5s 2 5p 4 ( 3 2 P) 5 D + 0.13 4 f 14 ( 1 1 S) 5s 2 5p 2 ( 3 2 P) 3 P + 0.11 4 f 13 ( 2 1 F) 5s 2 5p 3 ( 2 3 D) 3 P 163768 45 3 + 0.29 4 f 12 ( 3 1 F) 5s 2 5p 4 ( 3 2 P) 5 F + 0.25 4 f 12 ( 3 1 F) 5s 2 5p 4 ( 3 2 P) 5 D + 0.11 4 f 12 ( 3 1 F) 5s 2 5p 4 ( 1 2 D) 3 D 164620 46 6 + 0.24 4 f 12 ( 1 1 G) 5s 2 5p 4 ( 3 2 P) 3 H + 0.13 4 f 12 ( 3 1 H) 5s 2 5p 4 ( 3 2 P) 1 I + 0.10 4 f 12 ( 3 1 H) 5s 2 5p 4 ( 3 2 P) 3 I 165850 47 3 + 0.23 4 f 12 ( 3 1 H) 5s 2 5p 4 ( 3 2 P) 5 G + 0.11 4 f 12 ( 3 1 H) 5s 2 5p 4 ( 3 2 P) 5 H + 0.10 4 f 12 ( 3 1 H) 5s 2 5p 4 ( 1 2 D) 3 G 166314 48 0 + 0.54 4 f 12 ( 3 1 F) 5s 2 5p 4 ( 3 2 P) 5 D + 0.22 4 f 12 ( 3 1 F) 5s 2 5p 4 ( 1 2 D) 3 P + 0.09 4 f 12 ( 1 1 D) 5s 2 5p 4 ( 3 2 P) 3 P 167173 49 5 + 0.28 4 f 12 ( 3 1 F) 5s 2 5p 4 ( 3 2 P) 5 G + 0.26 4 f 12 ( 3 1 F) 5s 2 5p 4 ( 3 2 P) 3 G + 0.23 4 f 12 ( 3 1 F) 5s 2 5p 4 ( 1 2 D) 3 H 168885 50 1 + 0.33 4 f 12 ( 3 1 F) 5s 2 5p 4 ( 3 2 P) 3 D + 0.13 4 f 12 ( 3 1 F) 5s 2 5p 4 ( 1 2 D) 3 P + 0.10 4 f 13 ( 2 1 F)1 1 S) 5s 2 S 5p 3 ( 2 3 D) 3 D + 0.11 4 f 13 ( 2 1 F) 5s 3 F 5p 4 ( 1 2 D) 3 G + 0.09 4 f 13 ( 2 1 F) 5s 3 F 5p 4 ( 3 2 P) 3 G 468098 440 1 -0.53 4 f 14 ( 1 1 S) 5s 2 S 5p 3 ( 2 1 P) 3 P + 0.26 4 f 14 ( 1 1 S) 5s 2 S 5p 3 ( 2 3 D) 3 D + 0.09 4 f 14 ( 1 1 S) 5s 2 S 5p 3 ( 4 3 S) 3 S 468742 441 1 -0.48 4 f 13 ( 2 1 F) 5s 3 F 5p 4 ( 3 2 P) 5 F + 0.22 4 f 13 ( 2 1 F) 5s 1 F 5p 4 ( 3 2 P) 3 D + 0.10 4 f 13 ( 2 1 F) 5s 3 F 5p 4 ( 1 2 D) 3 D 469631 442 9 + 0.42 4 f 11 ( 2 1 L) 5s 2 5p 5 1 M + 0.37 4 f 11 ( 2 1 L) 5s 2 5p 5 3 M + 0.20 4 f 11 ( 2 1 L) 5s
